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Introduction
Reduced ternary oxides of the early transition metals form a class of compounds that exhibit interesting electronic properties. For example, charge density wave (CDW) driven metal-to-semiconductor transitions are observed in the "blue bronzes" &,,Moo3 (A = K, Rb, Tl),'S and various reduced ternary oxides exhibit superconductivity, such as the spinel LiTi2043-5 and some tetragonal and hexagonal tungsten and molybdenum Very recently evidence for superconductivity in Lb,5Nb02 was r e p~r t e d .~ Single crystals are desirable for measuring the physical properties of this class of compounds. In systems for which low-melting nonreduced precursors are available (e.g., A2M04 and A2M2O7; A = alkali metal, M = Mo, W) molten salt electrolysis is often a convenient way of obtaining single crystals. For other systems (particularly niobates) other methods have to be used. Crystal growth from molten salt fluxes has been extensively employed (for example, for garnets, ferroelectrics, and ferrites),'" but very rarely for reduced early-transition-metal systems, which require a rigorously inert atmosphere. Alkaline-earthmetal borate fluxes seem to be suitable for this purpose, being redox neutral and exhibiting low volatility, allowing their use under high-vacuum conditions. They can also act as source or buffer for the alkaline-earth-metal oxide that is part of the ternary system. Here we describe the crystallization of reduced barium niobatm from the barium borate Ba0.3B203 under high-vacuum conditions.
The reduced Ba-Nb-O phase diagram has been studied by several investigators and contains a variety of structure types ranging from perovskite"J2 and tetragonal tungsten In 28, 1 0 1 1 0 4 0 1 5 1 0 7 0 0 9 1 1 0 0 1 8 -1 2 6 0 2 4 2 0 5 0 0 12 0 1 1 1 1 1 9 2 0 8 2 1 1 2 1 4 1 2 5 0 0 15 2 1 7 3 0 0 -1 3 8 0 3 6 2 1 10 2 0 14 -1 3 11 0 0 1 8 3 0 9 2 2 3 2 1 13 -2 4 6 -1 pounds were characterized by single-crystal X-ray diffraction, and some of their physical properties are discussed.
Experimental Section
Sample Preparation. Single crystals of the reduced niobates Ba2Nbl6Oa, BaNbsO14, and Ba3Nb6016 were obtained as follows: a mixture of Nb02 (Alfa) and Ba0.3B203 in a 1:1.3-1.8 molar ratio was placed in a molybdenum-foil boat with a molybdenum-foil lid in a high-temperature vacuum furnace (Centorr). The mixture was heated in vacuo to 400 "C to remove adsorbed water and then heated a t 1100 "C (104-10-' Torr) for 1 h. Subsequently the mixture was cooled at 8 "C/h to 850 "C, after which the heater was turned off, allowing the sample to cool down to room temperature in 1 h. The glassy flux was removed by etching with a dilute aqueous HF solution. The resulting mixture consists mainly of golden trigonally compressed octahedra and hexagons of Ba2Nb16032 (up to 0.6-mm diameter). Also present are blue rectangular crystals of Ba3Nb6015, with dimensions up to 2 mm long and 0.8 mm wide, and dull-metallic platelets of BaNbsO14 (sometimes arranged in pseudohexagonal multiple twins), accompanied by small crystals of residual NbOP Ceramic samples of BaZNb16032 were prepared by heating a pressed pellet of BaNbzOe, NbO (Alfa), and NbOz, with BzO3 as a mineralizer, in 2 2 9 1 molar ratio to 1100 "C for 15 h (in vacuum, wrapped in Mo foil). The well-crystallized golden pellet consisted of Ba$h16093 (as identified by ita X-ray powder pattem; see Table   I ) but always contained some NbOz. Probably, the mineralizer B203 extracts some of the BaO from the niobate to form barium borates, leaving residual NbOz. Recrystallization of the ceramic from the Ba0.3B203 flux also produces single crystals of Baz-
The Ba0.3B203 used as a flux was prepared by heating a mixture (1:3 molar ratio) of Ba(N03)z and B203 (Fisher) in an alumina crucible at 700 "C (ramp rate 200 "C/h) in air for 12 h. The compound BaNb20s was prepared by firing Ba(C03) and Nb206 (Aldrich) together in a Pt crucible in air at 1300 "C as previously described.l8 X-ray Structure Determinations. All crystals were measured a t 23 "C on an Enraf-Nonius CAD-4 diffractometer using graphite-monochromated Mo K a radiation and the NRCCAD program package." All calculations were carried out on an Alliant FX/80 computer, using the NRCVAX structure package.21 Lattice parameters were determined from absolute 28 values of at least 24 reflections at high angles (50" < 28 < 90"). (9) 0.56811 (17) 0.61 (7) 0.1651 (9) 0.83333 (18) 0.68 (7) 0.0 0.2379 (3) 0.71 (12) 0.1741 (9) 0.10384 (17) 0.62 (7) 0.1779 (10) 0.70666 (18) 0.75 (7) -0.0123 (10) 0.03198 (18) 0.80 (7) 
Results
The low-melting (750 "C) Ba0.3B203 proved to be a useful medium to obtain single crystals of several reduced barium niobates. It provides a source of BaO for reaction with Nb02 and acts as a suitable flux for the growth of single crystals. Heating Nb02 in Ba0-3BzO3 produced three crystalline products, Ba2Nbl5Os, BaNb8014, and Ba3Nb5015. In the main product, Ba2Nb15032, the average niobium oxidation state is +4, and it may be considered as a direct reaction product of BaO and Nb02 The side products have different average Nb oxidation states: Nb4s8+ in Ba3Nb5015 and Nb3.5+ in BaNb8014. These products are probably formed by a disproportionation side reaction, but some excess Ba3Nb5015 may also arise from some gettering of traces of oxygen and water. The crystals produced were of sufficient quality and size to allow single-crystal X-ray diffraction studies on all three compounds, as well as four-probe single-crystal resistivity measurements on BazNb15032 and Ba3Nb4OI5.
Description of the Structures Ba2Nb1503p
The crystal structure of Ba2Nb15032 is shown in Figure 1 , projected both along the c axis (a) and perpendicular to it (b). It can be described as consisting of three different layers, A-C, parallel to the ab plane, that are interconnected by oxygen sharing. Selected interatomic distances and angles are listed in Table VI 3.119 (8) 3X -0(1) 2.10 (1) Nb(2)-Nb(2) 3.167 (2) 2X 2.05 (1) -0(1) 2.088 (9) -0(2) 2.106 (6) -0(3) 2.093 (5) 2.043 (9) -0(4) 1.940 (6) -0(4) 2.189 (3) -0(5) 1.95 (1) Nb(l)-0(6) 2.001 (6) 6X 2.05 (1) Nb(4)-0(2) 1.925 (8) 3X -0(6) 1.876 (6) 2.059 (8) valence electrons/formula unit to reside in the A layer. As the average Nb(4)-0 distance in the layer is within 2 u of that for Nb(1) (although the octahedron is more distorted), it is likely that the valence electrons are mainly localized in the [Nb6012]06 clusters, providing for Nb-Nb interaction within this cluster. Thus the compound may be formulated in the ionic limit as (M = Mg, Mn29 to +3.5 for NaNblo01830 and Na3A12-NbWOWa The occurrence of Nb6 clusters in a compound with an average Nb oxidation state of 4+ indicates that these clusters can act as structural elements and as valence electron reservoirs in more oxidized phases as well, depending on the nature of the layers or groups separating them. BaNbsO14. A previous single-crystal structure determination of BaNb801418 reported a unit cell with a = 23.80 (1) A, b = 10.331 ( 5 ) A, c = 9.325 (5) A with space group Cmca. Careful examination of crystals obtained from Ba0.3B203 flux indicated, however, a primitive unit cell and space group Pcab.
A projection of the BaNb8014 structure along the b axis is shown in Figure 3 . Selected interatomic distances and angles are listed in Table VII . The structure is built around layers parallel to the ab plane containing a network of [Nb,@]O6 clusters (Nb(1-6)) that share oxygens in a [ N b 6 0~0 0~~]~~0~~~ fashion (0" indicates an edge-bridging oxygen 0' of one cluster that acts as a terminal oxygen 0" for another cluster; for further description of the nomenclature used, see ref 331, as well as the barium ions (A layers in Figure 3 ). These are similar to layers found in SrNb8014.31 The structures of the Sr and Ba analogues, however, differ in the interconnection of these layers along the c direction. The A layers in BaNbsO14 are stacked together with two different layers, B and C, containing Nb06 octahedra. These octahedra are isolated in the B .t Nb (2) and Nb (7) and identical with that found for the Nb06 octahedron in SrNb8011. Consequently, BaNb8014 can be likewise formulated in the ionic limit as Ba2+-
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Ba ( This avera e appears to be limited to a narrow range count and interconnectivity of the cluster units. The main difference with the refinement in the Cmca space group reported earlier18 is the ordered description of the B layer containing isolated Nb06 octahedra. The higher symmetry C-centered space group generates Nbatom positions with unusually short Nb-Nb distances (2.08 A), necessitating a disordered description with 0.5 occupancy of each Nb site, and one oxygen with a very long Nb-0 distance and large thermal parameters. After appropriate axis permutation, Pcab is a direct subgroup of Cmca, and after eliminating the (approximately 500) centering-violating reflections from our collected data set, refinement in spacegroup Cmca produced results identical with those reported previously.
Ba3Nb5016. From X-ray powder diffraction, Ba3Nb5015 was known to have a unit cell consistent with a tetragonal tungsten bronze (TTB) type structure.14 This was confirmed by the single-crystal data (Figure 5) . Selected interatomic distances and angles are listed in Table VIII . The structure strongly resembles that of the nonreduced (ferroelectric) compound Ba3TiNb401522 but crystallizes in the centrosymmetric space group P4/mbm, like the "parent" tetragonal tungsten bronze K3W5OlP3* Refinements in the noncentrosymmetric space groups P4bm or P4b2 did not yield any significant improvements, although no other checks for the presence of a center of symmetry were done. Refinement of the Ba occupancies showed no significant deviation from unity. This confirms the formulation of the compound in the ionic limit as BapNb4+Nbi+O:;, with an average Nb oxidation state of 4.8+. As observed in other TTB-type structures, one of the two crystallographically independent Nb06 octahedra (Nb (2)) is more distorted, with Nb-0 distances varying from 1.957 (5) to 2.068 (5) A, compared to 1.965 (5) and 1.9887 (3) A for Nb (1) .
Physical Properties Ba3Nb5015.
Singlecrystal resistivity data for Ba3Nb5OI5 between 200 and 300 K are shown in Figure 6 . The resistivity is anisotropic, with p l C = &I,,, at 300 K. Despite the fairly low absolute resistivity (pllC = 1.8 X fl cm at 300 K), the resistivity has a negative temperature coefficient. From In p vs 1/T plots activation energies of 0.131 eV (Ilc) and 0.086 eV (IC) were determined. For pressed pellets an activation energy of 0.04 eV was reported for T > 280 K,14 and semiconducting behavior was also noted for ceramic Eu3Nb5015, where Eu is formally divalent.% The observed slope of the p vs T plot for Ba3Nb5015 crystals varied somewhat for different samples, possibly indicating that this nearly metallic system is highly sensitive to impurities that can influence the carrier density (such as oxygen vacancies and incorporation of small amounts of Mo, though not enough as to be detected by standard methods such as X-ray fluorescence). In contrast, isostructural tetragonal tungsten bronzes exhibit a metallic temperature dependence of the resistivity, and a less pronounced anisotropy (e.g., pLc = 3.4pllc in NanuW501596). For Eu3Nb5015, Raveau and Studer suggested, based on Goodenough's model for transition metal that poor delocalization of Nb 4dXy states, lowered below the conduction band (consisting of Nb 4d,,, and 0 2p,, orbitals) due to the tetragonal symmetry, combined with the relative small number of charge carriers (0.2 e/Nb, compare 0.45 e/W in Na2.25W501536), could account for the small band gap semiconducting behavior of these TTBtype niobates.= If so, the reduced contribution of Nb 4d, orbitals to the conduction band could be a source for the observed strong anisotropy in the single-crystal resistivity of Ba3Nb5015.
Ba2Nb1503* Single-crystal resistivity measurements on Ba2Nb15032 between 100 and 540 K show semiconducting behavior, and an anisotropy with pic = 6 . 7~~~ at 290 K.
This makes it likely that the main conduction pathway is along the A layer (containing the 15-electron Nb6 clusters and Nb (4) Figure 7) shows a semiconductor-to-semiconductor transition at 170 K. Magnetic susceptibility measurements on Ba2Nb15032 between 4 and 650 K (Figure 8 , uncorrected for Curie "tail" and core diamagnetism) shows that this transition coincides with a magnetic transition from a weakly paramagnetic state to diamagnetism below the transition temperature. No significant hysteresis was observed in scanning across the transition in both temperature directions. A layer (3.105 i , Nb(3)-Nb(4)). The observed semicon-.>. The anomaly at 170 K is associated with the semiconductor-tosemiconductor transition.
possible interpretation of these phenomena is that the odd electron in the 15-electron Nb6 cluster is principally responsible for the observed conductivity, as well as the magnetism. Below 170 K, the compound apparently has a diamagnetic ground state. One possibility is that this is associated with a charge disproportionation, forming clusters with 14 and 16 valence electrons. In that case, the magnetic transition at 170 K may be associated with a spin-level crossing, as observed in the cluster compounds Nb6111 and HNb6111.98*39 However, in this case the state reached just above the transition temperature does not appear to be a simple localized high-spin state, as the susceptibility continues to increase linearly with T u p to 300 K. Above 300 K the suceptibility begins to level off, reaching a maximum at 420 K, and eventually approaches Pauli paramagnetism at high temperatures. A plot of d In pa/dTi (U,, Arrhenius activation energy) versus temperature ( Figure 9 ) shows that Ba2Nb15032 clearly is no simple activated intrinsic semiconductor, showing a drop in "activation energy" U, from 300 K upward (the region in which the susceptibility levels off), to a point where U, < kT. This suggests the presence of multiple states, associated with different magnetic moments, between the diamagnetic low-T ground state and a fully delocalized conducting state. The physical properties of Ba2Nb150a2 are still under investigation. Preliminary low-temperature single-crystal X-ray diffraction has not so far revealed any discontinuous change in unit cell that might conceivably accompany a charge disproportionation to a diamagnetic ground state.
Conclusions
Low-volatility borate fluxes prove to be interesting media for the crystallization of reduced ternary earlytransition-metal oxides under high-vacuum conditions. Use of the barium borate Ba0.3B203 as reagent and flux has enabled the isolation of single crystals of three different reduced barium niobates, of sufficient quality to allow single-crystal X-ray structure determinations and resistivity measurements. As the formation of Ba2Nb15032 has shown, it is possible to obtain new phases by this method. Results in the Sr-Nb-0, Sr-Ti-0, and La-Ti-0 syst e m~~~~~~ suggest that this technique is more generally 
Introduction
Poly(ethy1ene oxide) (PEO) and its alkali metal salt complexes have played an important role in the development of polymeric solid electrolytes intended for use in high-energy-density batteries.lU3 PEO complexes are generally multiphase with regard to the coexistence of crystalline and amorphous phases in the same sample. A serious limitation of PEO-alkali metal salt complexes that is related to the presence of the crystalline phase is their relatively low ionic conductivity below approximately 60 "C. Recognition of the fact that significant ion transport in polymer electrolytes occurs only in the rubbery phase of the amorphous component (above its glass transition temperature, T,) has led to the synthesis of a variety of elastomeric complexes with low One such material
